
ax - - ’  zn~w:. ir . Table ~~~.

TI~SBLi• 5. A oorr-arE ion of four point probe resistivity measurements made

at Rockwell and Y~JR}~.

Rockwell Data MISER Data 100• Sample Resistivity (a—cm) Resistivity (Q—cm)

#1(T) 2.29 x l0~ 2.27 x l0~ +0.88

#1(B) 2. &~2 2.143 —0.141

#2(T) 2 . 143 2. 145 —0.821 #2(B) 2.53 2.53 0.00

2.50 2.52 —0.99

I #3(B) 2.57 2.58 —0.39

~L(T) 2.57 2.58 —0.39

I ~-.(B) 2.55 2.56 —0.39
• #5(T) 2.55 2. 55 0.00

45(B) 2.53 2.149 +1.61

It is seen that the agreement between the two laboratories is quite good

for this resistivity range the average deviation being O b C u L  ± 0.6%. The

• agreement between the four point probe measurements has been L r r -o r v e d to

decrease with further increases in resistivity . On comparing both laboratories ’

four point probe measurements with Van der Pauw measurements or. samples with

resistivities in the 7000—8000 a—cm range we f ind the deviaticn at ~~ RF

• from Van der Pauw to be + 1.5% while the deviation of the Fochwell rr~ ac or eo~ents

is + 5%. 
—

This increased error with resistivity seems to be following a power

I law dependence given by the expression

100 =Kp~~ .

I Although the constant K is smaller for our data than for that given

by the A.S.T.M., the value for n is in reasonable agreement . We find the

I following to hold for the two sets of data:

1

I
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100 0.1 p
0
~
71 (A.S.T.M.)

100 0.001 ~
0.8l (MURR).

The physical meaning of these equations is obscure, however, a

similar power law is observed for the calibration curves for spreading

resistance measurements. The difference between the A.S.T.M. and MTJRR

values for K are not known, however, the A.S.T.M. data is takezi for both

n— and p—type Si in various orientations while the MUEB data is taken

on p—type only on a (111) face. The upper expression is useful for

estimating the maximum expected error for intrinsic material at 230,000

a—cm. We find an expected value of about + 22% at this resistivity value.

This estimated error is in reasonable agreement with deviations in resistivity
for samples neutron irradiated to the same fluence but before annealing

(nearly intrinsic but slightly p—type).

~
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F. Minority Carrier Lifetime Apparatus

The minority carrier lifetime of all ingots before irradiation and

some after irradiation and annealing have been measured by the photoconductive

decay tecani jue. Ingots are coated with Aquadag solution on each end and held

in a small lab vise to which braided copper shielding wire has been flattened

and attached to the vise jaws for contacting. The contacting area is

shielded from the light to prevent photovoltaic effects from the contacts.

This effect can be detected if observed as a linear decay of the junction

capacitance of a blocking contact.

A small power supply supplies the bias voltage across the sample and

a variable series load resistor. This resistor is adjusted for maximum

signal before data is taken, an essential procedure for interpretation of

the decay.’ Optical excitation is provided by a General Radio Strobotac

• model l531—AB15 whose pulse time is short compared to the photoconductive

decay time constant. The signal is observed with a Tektronix ~ rpe 5147

oscilloscope with a dual trace plug—in unit)6

Typical decay voltage as a function of time are shown in Figure 15.
It can be shown that the voltage signal as a function of time for the

condition that R load = B sample is given bylT
/An\ — t / - t

v ( t )  = 
e -  

~ 2 
(20)

bias 
(1 + [~~ +(p.) e tI~~ 2)

where (~ n/n )0 is the maximum change in minority carrier concentration

~• j  and T is the carrier lifetime. For times long compared to the optical

excitation decay

• V(t) 4- f~~n \ e t
~
’T

V . ~~n )
Therefore, a semilo; plot of V ( t ) / V bias has a slope of where T is the

minority carrier lifetime.
• Care has been taken not to c~ptica1ly overmodulate the samples since

this is known to produce exaggerated lifetimes. The procedure we use is

to reduce the light intensity until the observed decay time constant becomes
a minimum. It is also important that the carrier sweep out time given

by
t =  L

b i as
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Figure 15. Typical photoconductive decay curves for
determining minority carrier life time .
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• wr~~r~ L i~ t he sample lengt h and ~i the carrier mobility , be long comparea

to the decay time .

Trapping effects have been detected in some samples by observing a

decrease in the decay time when the sample is simultaneously illuminated fromI a dc tungsten light source (~fiw<E ). In these cases, the lifetime is assumed

to be that observed during dc illumination if the reduction in decay time

I saturates.

Circuitry has been developed to eliminate the need to take data from
• 

I 
the exponential photoconductive decay displayed on the oscilloscope. A

variable time constant, variable pulse height exponential generator has

I been constructed which provides a decay time constant whose value can be

obtained from the setting of a ten—turn pot. This exponential pulse is

I triggered from the strobotac, inverted, and added to the photoconductive

decay signal. The oscilloscope then functions as a null detector. A

straight line signal indicates that the exponential generator has matched

$ the photoconductive signal in both amplitude and time constant. Deviations

from non—exponential decays and trapping effects are easily detected with

this systei~,. A schematic of the system is shown in Figure 16 while a

circuit diagram for the exponential pulse generator is shown in Figure 11.

I
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TABLE 10. Elemental Cnn certrhti- no ~‘eas~ red in Four Cilicon Ingots

Im
~
ui-ity level measured in atoms of impurity/c.c.*

_

~~
::emt 

kockwell lZ—072 I2~~
fl 36—520 Wackers 3O66l—6 TI Lop:x LlO92

Mn m. d .  x 10~~ m.d. n.d.

Mo x io12 n.d. r..d. n.d.

Cu 2.9 x io12 
~~ x ia

” 1.1 x ,o12 1.3 x
Ga m.d. m.d. n.e. m.d.

Au 4 .7 x l0~ m .d .  5.3 x 10~ ~3 x lO~
W n .d.  n .d .  m . d .  m . d .

As n.d. n.d. m.d. m.d.

Sb n .d .  n .d.  m . d .  n .d .

Yb n .d .  n .d.  n .d .  m . d .

Na 8.9 x 1013 2.0 x 1013 1.8 x 1013 1.9 x 1013

Eu m.d. n.d. n .d. n.d.

Cr n.d. m.d. m.d . m.d.

Th n.d. n.d. m.d. n.m.

Sc m.d. m.d. n.e. n . d .
Hf m.d. n .d. . m. d. n.d.

Co m.d. n.d. n.a. n.d.

Ag m.d . m.d. n.e. m.d.

Ta m.d. n.d. n.d. m.d.

* n.d. indicates not detected concentrations above the background. ietection

limits are given in Table 9.

I

I
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Figure 28. Concentration of gold vs. percent of
sample weight removed .
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C. Irraciation and Anneal B~periment s

It is instructive at this point to consider the types arid amounts of

radiation damage which result from a typical neutron transmutation irradiation.
We will consider the lollowing sources of damage:

• Fast neutron damage for a graphite moderated neutron ener~ ,r spectrum

(this case will be an approximation to our sample irradiation positic-r) .

• Fast neutron damage from a fission neutron ener~,r spectrum (this case
will approximate in pile irradiations found in the literature).

• Gamma damage from fission gammas from the reactor pile.

• Gamma recoil damage (this damage occurs as a result of conservation of

momentum when a gaimna is emitted from an excited Si nucleus after

thermal neutron capture).

• Beta recoil damage (this damage occurs as a result of conservation of

moment-urn when the beta is emitted in the deexcitation of 30Si ~ + ~T.
We will neglect damage from (n, p), Cm , a) ,  and (-y , n) etc. , reactions

because of their low cross sections for neutron energies of interest .

Although (n, y) reactions with boron have large cross sections, the boron
concentration in our samples is negligible compared tc the silicon concen-

tration. Also , we estimate that the damage from the ~ emitted during
production will produce about the same number of displacements as the

recoil.

Although the estimates of the number of displacements du~- to each of

the-- s processes is very approximate, it is instructive to make a rough
• calculation to estimate the magnitude of each of these effects.

The number of displaced atoms per unit volume per sec is calculated

from the e~uatiom

= NTa~
v (21)

where N
D is the number of displacements per unit volume , NT the number of

target atoms per unit volume , ~ is the flux of damaging particles (#  particles/

cm2/sec) and V is the number of displacements per incident damaging particle.

We will estimate v from the Kinchim—Pease model.21 In this model

v(E
~
) = ES/2Ed (22)
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for E
R ~ 

2E
d 

where ER is the average kinebic ener~ r of the recoiling

lattice atom and Ed is the displacement threshold in silicon which we

take as about 12 eV.22 The maximum recoil kinetic ener~ r of a target atom

struct by a neutron of ener~~ E is given by

“-i 14EE (max) — n
A ( 23) -

when A is the target material atomic weight.23

For a fission neutron spectrum, the average recoil kinetic ener~~ is
23given by

E
R 

(max)
B (fission neutron) (214)

2

while Thr a graphite moderated spectrum

~ (mo derated neut ron) = 1/2 ER ( saax ) ( 25)
B 

IER ( maxfl1mLE~ _1
We shall assume that the average neutron ener~ r to be used in equation (23)

is 1.5 MeV. Then we find from (23), (214), and (25) that

ER
(max) = 4(1.5 MeV) = 2114 keV,

28

~ (fission neutron) 2114 keV = 107 keVB 
2

and j
~ (moderated neutron) = 1/2(21 14 key) = 12.9 keV.

B

I 2114 xlO eVln~~ 12 eV .j

We find, using (22), that the number of displacements per ne-atror. is

much higher for a fission spectrum than for a moderated spectrum , i.e.,

v (fission) = 
~

‘
1~~~v) 

= 14458 displacements/neutr -n (26)

and

V (moderated) = 
~
9
e~f~ 

= 1455 displacements/neutron. (27)

Furthermore, in our bulk pool facility, assuming a Cd ratio c C about 30:1,

the fast flux is about (5 x lO11n/cm2/sec)/30 = 1.67 x 1010n/cm2/sec. For

an in—core irradiation, the Cd ratio is about 1:1 and a typical fast flux
is, therefore, 5 x 1013n/cm2/sec. Using these fluxes and assuming that the

displacement cross section is approximately equal to the scattering cross

section23 , which we will assume is 3 x i0
214

cm
2
, we find using (21) and ( 26)
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~~D (fast neutron in core) = ( 5  x 1022 ) ( 3  x lo
_ 214 ) ( 1 4 1 4 5 8 ) ( 5  x 1013)

dt

= 3.35 x 1016 displacements/cm 3/sec. (2 8 ’s

Using (21 ) and (27 ) we find also that
~~~~

fast neutron in pool) = (5 x 10
22
)(3 x l0

2h ) (~,55)(l.67 x 1010
)

= 1.114 x 10 displacements/cm /sec. (29 )

The gamma flux radiation damage is also quite different since jr. core

the photon flux is about 3 x lO
6R/sec while in our bulk pool facility it is

about 3 x lO
2
R/sec. The cross section, cj(y), for displacements is dominated

by Compton electron displacements and is nearly independent of photon
2~ 214

ener
~

r in siliccn for typical fission gamma energies. ‘ We will assume

that this cross section is about 1 x l0 25cm
2 for 100 keV < E < 2 MeV and

9 2 25that 1 R/sec = 2 x 10 1 MeV photons/cm /sec. Then the number of

displacements is

~~ D ( gamma in pile) = (5 x l022
)(1 x lo

_25
)(3 x 106)(2 x l0~ ) ( 30)

dt 
1 3 .  3

= 3 x 10 displacements/cm /sec

and

~~D (gamma bulk pool ) = (5 x 1o
22)(l x 10

_25
~ (3 x ~~

2) ( 2 x ~~9)
dt 

= ~ x io9 displacements/cm 3/ sec.  (31 )

The various silicon isotopes after thermal neutron absorpti~n relax

from excited states by prompt gamma emission. This imparts a rec cii to the

silicon isotope in order to conserve momentum. Since

Ey2

ER 
= 1/2MV

2 = 1/2 MC2

Am average over all silicon ~soto~es and cross seetions yields an average
recoil kinetic emer~ r of 780 eV.

2 ~ 27 Therefore, using (22), we find

= 2(12 eV) = 32.5 displacements/thermal neutron.
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The average cross section for these processes
27 is 1.3 x lO

25 cm2 and the

flux of interest is the thermal neutron flux, therefore

____ 
(v-recoil in core ) = ( 5 x 1o

22
)(l.3 x l0

25
)(5 x l0~~ )(32.5)

dt
= 1.06 x 1013 

displacements/cm
3/sec (32)

and

~~~ (y-recoil in pool) = (5 x l0
22)(1.3 x lO

_25
)(5 x lO

ll)(32.5)

= 1.06 x lO
ll displacernents/cm3/sec. (33)

A similar procedure can be applied to beta decay recoil. Assuming the

beta ener~ r to be E
8 

= 1.5 MeV, and using conservation of momentum, we

find

= /~ 
( r n C~)~ = 

2 C
2 2

E = l/2MV
2 

= 1/2 ~~ 
— 

m0 = 33.2 eV .
B 

MC2

Therefore , using (22 ) ,

33.2 e V  .
= 

2(12 eV) = 2.76 displacements/neutron absorbed.

Since this occurs for only 3% of the total silicon atoms, with a cross

section of 1.1 x l0 25cm
2
,

dN
• 

~~~~~~~~ 
($ recoil in core) = (0.03)(5 x 10 )(l.l x lO

_25 ) ( 5  x 1o13 )(2 . 76)

= 2.3 x 10
10 displacements/cm3/sec (3k)

and 1. _ I l
(8 recoil in pool ) = ( 0 .0 3 ) ( 5  x l022)(l.l x l0 25)(5 x l0

11)(2.76)

= 2.3 x ~~ displacements/cm 3/sec. (35 )

These numbers must be compared with the rate of producing phosphorus atoms

t which is

(in core) = (0.03)(5 x 1022 )(1.1 x lO_25 ) ( 5  x 1013)

= 8.25 x l0~ [P]/cm
3/sec. (36)
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and

( in  pool ) = ( o .o 3 ) ( 5  x 10
22
)(l.l x l0

2)
)(5 x lo

ll
)

= 8.25 x 1OT [P]/cm3/sec. (37)

We can now compare the number of displacements per phosphorus atom

produced by each of these mechanisms. This information is summarized in

Table 11.

Although these calculations are quite speculative , several differences

between in—core (low Cd ratio) and in—pool (high Cd ratio) irradiations

become apparent. It is clear that the fission gamma and beta recoil

damage is point—defect like. The annealing characteristics of this damage

shoul d be similar to 1 Mev electron irradiation data. It is also clear that

the gamma recoil damage is a significant fraction of the radiation damage

for in—pool irradiations but is relatively less significant fcr in—core

Chukichev and Vavilov have estimated experimental ly that the number of
gamma recoil displacements is about equal to the number of fast neutron

displacements in a heavy water moderated reactor.27 Our ratio of fast
neutron to gamma recoil displacements is of the order of 10:1 for an
in—pool position with a Cd ratio of 30:1. Since the Cd ratio in a heavy
water reactor is between 100:1 to 1000:1, our calculations are in. reasonable
agreement with the experimental data in Ref. 27.

It is not clear whether to treat the gamma recoil radiation lamage as

point defect like or cluster like. The average number of disp ac€ments per

neutron is rather large (32.5 displacements/thermsl ne-jtrc: ’ and
suggests at least the production of small clusters. The actual r.uiJoer of

displacements per thermal neutron absorbed , however, range f rom &oout 10

or 20 up to 80 to 160. There is , therefore, a continuous ciistribution of

cluster sizes which approach the point defect distributions at the lower
end. The same cluster size arguments can be made about fast neutron damage
from a highly moderated ener~ r spectrum.

We have considered gamma recoil damage both as cluster like and point

defect like in Table 11, to calculate the ratio of cluster like displacements
to point defect like displacements for our two cases of interest. It seems

likely that the in—core irradiations deposit 300 to 3000 more

displacements in clusters than in point defects as compared to iO—pooi
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TABLE 11. Number of Displacements per Phosphorus Produced

Position In Core In Pool

~th 
= ~ ~ 1013n/ cm 2sec 

~th = ~ x lO
11n/cn

2
/sec

Damage Particle Cd ratio = 1:1 Cd ratio = 30:1

Fast Neutron 14.06 x 106 1. 38 x l0~
Fission Gamma 1.0 36.14

Gamma Recoil 1.29 x ~~~ 1.29 x l0~
Be ta Recoil 2 .76 2.76
Total Disp./ [ pl 14.06 x 106 1.51 x l0~

Cluster/Pt. Defect Ratio:

(If gamma recoil = cluster) 31140 io.14
(If gamma recoil = pt. defect) 1.08 x 106 385

—1~~Ratio of Core to Pool Cluster to Pt. Defect Ratios:

(Gamma recoil = cluster) 302

(Gamma recoil = pt. defect) 2805
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irradiations . ~3uch a large difference in the defect spectrun is very likely

to produce differences in ar.nealing characteristics for the two cases.

We will discuss some of these differences in the following disc ission on
annealing.

Table 12 is a summary of all the irradiations performed thus far ,
the sample number , the fl uence , the phosphorus concentration

calculated from the cross section , and in i t i a l  resistivity assuming a
- typical mobili ty, and the purpose of the irradiation. In this table , -

is the fluence required to take the particular p—type sample from its

initial resistivity to intrinsic (or exact compensation of the residual

boron by the phosphorus added). An inspection of this table shows immediately

( the failure to control the resistivity for partial compensation on the p—

type side of intrinsic ( i . e .  ~ < ~~
) due to premature type conversior .

Figure 29 shows this premature type conversion effect. This figure

compares an isochronal anneal in argon of a wafer of Rockwell float zone,

MURR 1, with the annealing in air of a piece of Monsanto Czochralski , and
vacuum anneals of float zone and Czochralski by }Q~archenko et al.28 ,29

The solid bar is the expected p—type resistivity for the Rockwell float
zone after the final anneal on the basis of the number of donors added

[0.0142 ppb]. Instead the final resistivity is about 1400 Q—cm n—type (the

type conversion probably occurred between 600 and 800°c) a gain of extra
donors of 0.282 ppb (1.141 x 1o13 atoms/cm3) beyond that added by neutron
doping [0.0142 ppb].

Also shown on this figure is the isochronal annealing of a second

unirradiated Rockwell sample from the same wafer, It should be nc-ted

that the unirradiated sample shows no adverse effects of the annealing

and that the resistivity of the irradiated sample MtJRR 1 drops below that

of the unirradiated sample at 300°C.

The heavily irradiated float zone sample by Kharchenko shows no

type conversion peaks, i.e., no rise in resistivity toward intrinsic

(230 ,000 a—cm ) . This is confirmed by their Hall measurements directly

after irradiation but before annealing.29 It should be noted that a

drafting error has apparently been made in Figure 1 of Ref. 29 since the

final values of n = 5 x 10
13cm ~ and p = 1 S2—cm imply an electron

mobility of 125,000 cm
2
/V—sec , some two orders of magnitude too high !
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heii- sample was irradiated to a fluence of about 2.68 x 1019n/cm
C

- 16 2compared to the Fockwe~~ sample fluence of 1.30 x 10 n/cm - ;hc-refare,

their  sample experienced a fluence of some 2000 times that of most of the

samples listed in Table Ia. Furthermore , their sarnpl~ was irradiated in

core while ours was irradiated in pool (see Table U). Because of the

fluence differences and position differences , it is esti-c-ated that the

number of displacements going into clusters is 6 x l0~ to 6 x 10
6 times

greater than for our samples . The number of point defects is about 2000

tines greater.

It is instructive to compare the radiation damage io the f loat  zoae

sample by Kharchenk o , et al. vith the damaoa produced by a i .r. iuptar•tea

sample. The neutron fluence for a 1 D—cm n—type final resistivity and

1000 S~—cm p—type starting resistivity can be calculated fr-or.. (7) to be

2.68 x io19 n/cm
2
. The number of displacements is then , using ~ =

and equation (21),

N
0 

= (5 ~ ~~~~~~ x l0
_2
~)(2.68 x io’9 ) c~~ 58)

1.79 x io22 displacements /cm3. (~~‘)

Since .oilicon contains only 5 x 1022 atoms/cm°, it is clear that the

radiation damage in the Kharchenko sample is approaching ~he ariorroorus

condition.

To produce an amorphorus layer by ion implantation , a dose of about

5 x l0~~ ions/cm2 at 1~0 keV is required.3° The number of displacezents per
ion can be calculated from (22) to yield

— E — 14O keV 3 • .— 
2E~ 

— 
~~12 eV) 

= 1.666 x 10 ctisp./ion.

Since the depth of a 1
~o keV ir.iplant is about 2 x l0~~ cm, beca ae of en-

hanced diffusion (see Figure 2.27, p. 56 in Ref. 30), the number of
displacements is

N
d 

= (5 x io~~ ions/cm
2
)(l.667 x l0~ displacements/ion)

2 x lO 5cm

22 . 2= ‘ x 10 displacements/cm . (38)

We can conclude from a comparison of (37 ) and ( 38) that the Koarcheak .
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float zone s8luple is nearly amorphorus as a result of fast neutron dama.le .

This condition has interestiri~’ co nsequences . In ion — im p l aritc-d si lic :n,

annealing up to temperatures of about 800°c are reqoired for complete

electrical activity of the imp l anted Ion in ~ase~ where an anio rphorus l aye r

is not formed.3’ The recovery of the electrical activity of an aracrphorus

layer Is completed by about 600°c and is c~ c-sely re~ ot ’~- -l to the formation

of crystalline films of Si durine vacuum evaporatiur . and to epi tax i al

re~ rovth.

Fig ire 29 also shows, for comparison , the isc-chronal a nealir~- of twt

fr.~ chralski siI~ con san.ples ( [0] ~ lO
l8cm

_3
). The data for the  r -~~ e~~h

oan~oie is taken from Ref. 
fc)~ The reverse annealing peaks are ev id en t  in

both Czochral ski samples and are apparently relat.d to the high oc,-~ en

conoectration in these samples and not to neutron fluence.

for  this point of view is shown in Figure 30. These fl o at

zone samples were irradiated to a fluence suf f ic ien t  to produce ‘\. 100 i~-cn
n—type. The expected final resistivity values calcul ated fron the start~ or

resistivity are shown on the figure. The Topsil sample came to within ~~
of the expected donor concentration while the Rockwell sample was only

sli ghtly worse . It should be noted that the fluences for these tvc’ samples
are similar to the fluences for the Czochra.lski samples in the previcu:

figure, however, the annealing peaks and dips between 200 and 500°C dc not

appear in the float zone material at this fluence. Furthermore, d i slo c a t i o n

density does not appear to have a direct correlation with the lack of ohe

reverse annealing peaks shown in Figure 29 since the Rockwell sample ir .

Figure 30 is high~~r dislocated while the Topsil sample is not. We concludo

then, on the basis of circumstantial evidence , that the reverse annealing

peaks are a result of the concentration of oxygen relat ive to the level of
. . 13phorphorus . (The oxygen concentration is thought to be between 10 to-

1015 c1n 3 in float zone s i l icon) .

Kharcheriko et al. also state that their Czochralski samples were p—
type up to 600°C and n—type thereafter .~

9 (Their fzcchra ski samples are

apparently irradiated in—pool). We conclude from our dat a in Figure 3C-

that electrical activity of the phosphorus begins at about 600°c in

agreement with their conclusions . The large reverse annealing peak fr-’r.
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Figure 30. Isochronal annealing of two float zone saieples
irradiated to produce o~l00 :2—cm N-type .
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600— 8oo °c is primarily associated with the electrical activation of
phosphorus. ~~e Rockwell sample resistivity is intrinsic .t 700°C while

the intrinsic peak in the Topsil sample has apparently been misse~:. It

can further be concluded from the data in Figure 30 that nearly all the
electrically active radiation damage has annealed at temperatures belo w
6oo °c. This contention cam be justified as follows.

We can calculate the nuniber of electrically active donors as a function

of isochronal annealing temperature assuming that the mobility has completel:-r

recovered before 600°c and that the reverse annealing peak between 600
and 800°c is the result of a type conversion from p—type to n—type due

to ohe electrical activation of phosphorus. (The thermal probe typ e as

a function of annealing temperature is shown on the figure). In the basis

of this assumption we can calculate the fraction of phosphorus which is not

electrically active (N/N ) as a function of annealing temperature . We

assume that this fraction is unity at the resistivity minimum. Then if the

electrical activation is governed by first  order annealing kinetics,

_ _ _ _ _  
= - K T N /N

at 0

where K(T) = N e  —E/kT is the temperature dependent rate at which the

fract ico  of phosphorus not electrically active decreases at the various
annealing temperatures. From the above

in (N IN) = (N t)e~~~~
T

° °
where t is the annealing time at temperature T. For equal annealing times

at various temperatures , a plot of ln N
o-

/N vs. l/T yields the activation

ener~y for the process while the intercept yields the defect j ump f requency.

The result of this first order analysis is shown in Figure 31. It -
is clear that the first order annealing assumption is reasonable and that

the first order annealing occurs throughout the type conversion peak i:a

Figure 30. To have obtained this result , the two assumptions ment ior~eo

previously must be valid, i.e., lack of electrically active damare at

temperatures above 600° and the complete recovery of carrier mobility

before 600°c.
The first order annealing analysis suggests th at  the activation s-er~qv
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for the phosphorus to- become electrically active is 0.96 + 0.05 eV while
2 —l .the Jump frequency is about 2 x 10 sec • This activation ener~~ ~s

remarkably close to the values given in the literature for the recri’~r~tr~ i cr.

of the vacancy phosphorus E—center (E = 0.93 + 0.05 eV , V = l .d-  x l0~~ sec 1)~
and for the electrical disappearance of a deep acceptor (Ec

_0.l
~
)eV thcur ~nt

to- be the E—center (E = O.911 eV, \~o- = iO
8
sec~~).~~

Watkins and Corbett suggest that the lower j ump frequency in Fef. 5
indi cates the diffusion of the E—center through the lattice over great

distances (1013/10
8 

1o~ jumps before dissociation at a vacancy sink).

They point out that an E—center reorientation followed by a vacancy phcspbcru:

interchange is equivalent to an E—center j ump through the lattice . If we

make th i s  same assumption, then we are observing 1013/2 x 10
2 

= ~ x 10lC

jumps before annihi1ation~ For a random walk of 5 x 1010 
Jumps of a cistance

of ~ hA , the mean distance traveled woul d be

L = ~~~~x 10~~ (2 x 10 8cm) = 
~.5 x lO 3cm.

This is of the order of the smallest sample dimension and would suggest

vacancy anihilation at the sample surface. But this can not be the ~c- r-rect

mechanism for E—center annihilation because it would deposit all the-

phosphorus at the sample surface. We know, however , that phosphorus is

uni formly distributed in transmutation doped silicon. We must conclude ,

then, that free migration of E—centers in NTD—Si does not occur for sc-ne

reason. One possibility is that the E—center becomes pinned in some way
t o  it s  lattice position by the clustering with other defects. Since th-:-re

are approximately three displacements per beta emission when the phosphcru:

atom is created by transmutation, it is possible that a di—interstit ial or
di—vacancy, E—center complex is formed which remains stable up to the

higher annealing temperatures observed here .

It should be noted in Figure 30 that at the minimum resistivity near
600 °c in the Topsil sample, the hole concentration is about 6 x ~~~~~~~~~~
Since the initial hole concentration was about 2 or 3 x l011cm~~, we c-ar

safely infer that a very large acceptor concentration has been created

as a result of irradiation and annealing to 550°C ( sri alternate in t e rp re t a t ion

would be the destruction of 6 x l0~~cm~~ donors but this would iml ly -
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compensa tion ratio of 0.9996 before irradi ation which is very unlikely).

It will be shown shortly that similar acceptor defect concentrations

have been observed in all float zone studied to date and that this defect

concentrat ion is independent of irradi ation fluence over a fluence range
of 50:1. We conclude , therefore , that the magnitude of this concentration
is dependent on the properties of the silicon before i r radia t ion.  The

most likely impurity to be foun d in highly zone refined silicon in a
13 —3 l~ —3concentration range of 3 x 10 cm (Rockwell , ~1acKer) to 5 x 10 cm

( Topsil and T.i.) is oxygen. We , there fore , suggest that these accept or
defects are single or multiple defect—oxygen complexes , i .e . ,  the oxygen
impurity concentration is decorated as a result of the pro ce .o s of radiation

damage and annealing to- 550 °C.

Figure 32 shows the recovery of resistivity and minor i ty  carrier
l i fet ime on a Rockwell sample 1” dia x 1” long. The fluence for this

irradiation was 50% of that necessary to produce type convers:on. The

annealing shows several unusual features which are found only in the

Rockwell samples and which could possibly be related to the dislocation
density . The resistivity between 200 °C ans 800°C is multivalued. Shortly

after removal from the annealing furnace and cuenching to room temperature

in trichioroethylene , the resistivity is a minimum but rises to- the second

higher value while storing the sample in the dark . Unon il lumination from

a tungsten light , the resistivity returns to its t = o val-oe . The
resistivity can be cycled any number of t imes .  The r ecip roca l  of the

minority carrier lifetime follows the resistivity in general. Tory heavy

trappin g is observed in the same region as the largest cbar~ e resis-

tivity. This sample type—converts at about 800 °c. It shcul c. al he

noted that a plateau in the recovery around 300 °c is similar to- the

Czochralski sample annealing seen previously.
In an attempt to determine if sample contamination is responsible

for the un expected type conversion , a se ries of isochror.al anneals were
performed in argon and a vacuum of 5 x 10~~ tor r .  The fluences fc- r these

irradiations were in the range of ~ = 0.36 
~ 

to ~ = 0.56 where 
~ 

is

the fluence required for exact compensation. The results are shcwn in

Fi gures 33 through 39. A comparison of a pair of vacuum and argo-r i anneals
are shown in Figures ~0 and 141. It can be seen that all of these
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Figure 34. Argon isochrona l anneal of Topsil wafer.
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Figure 35. Argon isochronal anneal of T. I. Lopex wafer.
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